ABSTRACT. The aims of this study were to assess the linear relationships between agronomic and nutritional traits and to identify promising traits for indirect selection in early and super-early maturing maize genotypes. Two trials were run in the 2009/2010 agricultural year, each consisting of a randomized block design with three replications. One trial was run on 36 early maturing maize genotypes and the other on 22 super-early maturing genotypes. Six agronomic traits, 11 protein-nutritional traits, and four energeticnutritional traits were measured. Error normality assumptions were verified using the Kolmogorov-Smirnov test and residual variance homogeneity assumptions using the Levene test. Analysis of variance and the F-test were run for each of the 21 traits. Next, the genotype correlation coefficient matrix was estimated for the 21 traits and each trial. Ridge path analysis was based on values of k = 0.00 and k = 0.10 on the diagonal of X'X correlation matrix, taking the nutritional traits as principal variables and agronomic traits as explanatory variables. The number of days from sowing to male flowering, the number of days from sowing to female flowering, plant height, ear insertion 
INTRODUCTION
Maize (Zea mays L.) is an important crop throughout the world and has both social and economic repercussions. It is widely used for various applications, but mainly as animal feed. Demand for maize, for both human and animal consumption, is expected to increase. Maize breeding researchers seek to combine increased grain yield with improved nutritional quality, especially regarding protein and energetic content. It is, therefore, of fundamental importance to identify the agronomic and nutritional traits of maize genotypes. Maize grains consist of 7.5% crude protein, 0.24% lysine, 0.18% methionine, 0.18% cysteine, 0.29% threonine, 0.07% tryptophan, 0.42% valine, 0.29% isoleucine, 1.00% leucine, 0.42% phenylalanine, 0.40% arginine, 3.5% ether extract, 1.9% crude fiber (Batal and Dale, 2010) , 3438.51 kcal/ kg apparent metabolizable energy corrected for nitrogen (Li et al., 2014) , and 30% amylose (Hasjim et al., 2009) .
Knowledge of the linear association between agronomic and nutritional maize traits could lead to significant advances in genetic breeding programs, especially when defining crossings, with the aim of targeting animal feed to increase efficiency and cut production costs. Associations between traits can be studied by analyzing a linear correlation coefficient ranging from -1 to 1. However, this coefficient measures the degree of relatedness between two traits and does not allow direct and indirect influences to be quantified (Cruz et al., 2012) .
Path analysis, proposed by Wright (1921) , has been used to understand the causes involved in associations between traits. Using this method, it is possible to obtain information on the direct and indirect effects of traits on a principal variable. Path analysis can also be used to identify traits that can be used in indirectly selecting plants, helping researchers to select superior genotypes in agricultural crops such as maize (Bello et al., 2010; Srećkov et al., 2010; Amini et al., 2013; Mustafa et al., 2014; Filipović et al., 2014; Baretta et al., 2016) and soybean (Silva et al., 2015) . In addition to conventional path analysis, ridge path analysis allows all traits to be used, provided that a constant k be added on the diagonal of the matrix correlating the explanatory variables. In ridge path analysis, constant k ranges from 0 to 1, and it is recommended to use the lowest k-value capable of stabilizing path coefficients, i.e., working on the degree of multicollinearity between explanatory variables (Cruz et al., 2012) .
Ridge path analysis has been used in studies on canola (Coimbra et al., 2005) , maize (Carvalho et al., 2001; El-Taweel et al., 2012; Toebe and Cargnelutti Filho, 2013a,b) , peppers (Moreira et al., 2013; Silva et al., 2013) , bell peppers (Carvalho et al., 1999) , and soybean (Bizeti et al., 2004) . Studies conducted by Carvalho et al. (1999 Carvalho et al. ( , 2001 , Bizeti et al. (2004) , El-Taweel et al. (2012) , and Moreira et al. (2013) have confirmed the effectiveness of ridge path analysis in reducing the adverse effects of multicollinearity.
Studies on the linear association between agronomic and nutritional traits using path analysis have been conducted for crops of caster oil (Torres et al., 2015) , maize (Zdunić et al., 2012) , and soybean (Haghi et al., 2012) . These studies show that there is a linear relationship between traits and that it is possible to indirectly select for promising traits in genetic plant breeding. However, there are few studies in the literature using ridge path analysis on agronomic and nutritional traits. It is assumed that indirect selection could be used to identify promising agronomic traits for the nutritional quality of maize grains. Since there are no studies that show the real indirect and direct effects of agronomic traits on nutritional traits in the maize crop, the aims of this study were to assess the linear relationships between agronomic and nutritional traits and to identify promising traits for indirect selection in early and super-early maturing maize genotypes. The trials were designed as randomized block experiments, with three replications. The experimental units consisted of two rows 5 m long, spaced at 0.80 m and with plants spaced at 0.20 m in the row. Seeds were sown manually on October 26, 2009. The plants emerged during the period from November 1st to 3rd, 2009. The plant population was thinned to 62,500 plants/ha. On the day the seeds were sown, basic fertilizer was applied at a rate of 37.5 kg/ha nitrogen (N), 150 kg/ha phosphorus (P 2 O 5 ) and 150 kg/ha potassium (K 2 O). Three applications of 200 kg/ha N were applied as topdressing when the plants had developed four, six, and eight expanded leaves, consecutively. The maize ears were harvested on March 15, 2010. The harvests were treated following the technical recommendations for maize.
MATERIAL AND METHODS
The following agronomic traits were measured for each field trial, each experimental unit, and each genotype: number of days from sowing to male flowering (MF), number of days from sowing to female flowering (FF; male and female flowering based on 50% of plants in the plot in flower), plant height on harvesting (PH, in cm), ear insertion height on harvesting (EH, in cm; all plants in the plot were measured for plant height and ear insertion height), ear weight (EW, in t/ha), and grain yield at 13% moisture content (GY, in t/ha). Then, a 500-g sample of maize grains from each plot was separated. Each sample was placed in a paper bag and heated in a fan oven until the average moisture content was 10%. After drying, the grains were ground in a micro-mill (MA-630, Marconi) to obtain a particle size between 0.30 and 0.50 mm. After grinding, each sample was placed in a hermetically sealed container pending nutritional analysis. The following protein-nutritional traits were determined for each sample: crude protein (CP), lysine (Lys), methionine (Met), cysteine (Cys), threonine (Thr), tryptophan (Trp), valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), and arginine (Arg). The energetic-nutritional traits determined were: apparent metabolizable energy corrected for nitrogen (AMEn, in kcal/kg), ether extract (EE), crude fiber (CF), and amylose (AML), all measured as a percentage of raw material (%RM). The measurements were taken by nearinfrared reflectance spectroscopy (NIRS), calibrating the spectrometer using the CEAN 010 analytical procedure (Adisseo Brasil SA). Since the NIRS equipment was not calibrated for determining the maize grain amylose content, this trait was determined using the iodometric method described by Martinez and Cuevas-Perez (1989) .
For the agronomic and nutritional traits in each trial, the assumptions of the mathematical model (error normality and homogeneity of residual variances) were tested. Error normality was checked using the Kolmogorov-Smirnov test (Campos, 1983) and homogeneity of residual variances by the Levene test (Steel et al., 1997) . Analysis of variance was run, noting the F-test estimate for each genotype (F G ), and selective accuracy (SA) determined by the equation: SA = (1 -1 / F G ) 0.5 (Resende and Duarte, 2007) . The genotype correlation coefficients (r g ) for the 21 traits were determined.
Next, based on the genotype correlation matrix, ridge path analysis under multicollinearity was performed. This analysis involved adding a constant, k (k = 0.00 and k = 0.10), on the diagonal of the X'X correlation matrix (6 x 6) between the explanatory variables (agronomic traits). Ridge path analysis under multicollinearity was carried out based on the genotype correlation coefficients matrix. For each trial, ridge path analysis was performed using the protein-nutritional (CP, Lys, Met, Cys, Thr, Trp, Val, Ile, Leu, Phe, and Arg) and energetic-nutritional (AMEn, EE, CF, and AML) traits as the principal variables and the agronomic traits (MF, FF, PH, EH, EW, and GY) as explanatory variables, totaling 60 ridge path analysis operations.
The magnitude of multicollinearity was verified using the variance inflation factor (VIF). VIF values below 10 are considered adequate and indicate the absence of multicollinearity, whereas VIF values of 10 or higher indicate a high degree of multicollinearity (Hair et al., 2009) . The statistics were analyzed using the GENES program (Cruz, 2013) 
RESULTS AND DISCUSSION
It was verified that 80.95% (early maturing genotypes) and 95.24% (super-early maturing genotypes) of the traits measured showed normal distribution, and for 100% of the traits measured, residual variances were homogeneous for both early maturing and super-early maturing genotypes. Analysis of variance indicated the existence of variability between the early maturing and super-early maturing genotypes for all traits measured. SA was very high (SA ≥ 0.90) for 18 traits, high (0.70 ≤ SA < 0.90) for two traits, and low (0.50 ≤ SA < 0.70) for one trait in early maturing genotypes. For super-early maturing genotypes, SA was very high (SA ≥ 0.90) for 18 traits and high (0.70 ≤ SA < 0.90) for three characters (Table 1) .
In overall terms, the results showed that the mathematical assumptions for performing analysis of variance and conducting future studies met the requirements, lending credibility to the trials run.
Estimates of genotype correlation among the 21 traits in early maturing genotypes ranged from r g = |0.002| to r g = |0.993| and in super-early maturing genotypes from r g = |0.003| to r g = |0.997| (Table 2) . Generally, in both early maturing and super-early maturing genotypes, the agronomic traits MF, FF, PH, and EH were positively correlated with all protein-nutritional traits. However, EW and GY agronomic traits were negatively correlated with proteinnutritional traits (Table 2) .
MF, FF, PH, and EH were positively correlated with AMEn and EE energeticnutritional traits in both early maturing and super-early maturing genotypes and EW and GY were negatively correlated (Table 2) . Between MF and CF, and between FF and CF, the correlation was negative in early maturing genotypes and non-existent in super-early maturing genotypes. MF, FF, PH, and EH were negatively correlated with the AML trait in early Agronomic traits: MF = number of days from sowing until male flowering; FF = number of days from sowing until female flowering; PH = plant height, in cm; EH = ear insertion height, in cm; EW = ear weight, in t/ha; GY = grain yield, in t/ha; protein-nutritional traits: CP = crude protein, in %RM; Lys = lysine, in %RM; Met = methionine, in %RM; Cys = cysteine, in %RM; Thr = threonine, in %RM; Trp = tryptophan, in %RM; Val = valine, in %RM; Ile = isoleucine, in %RM; Leu = leucine, in %RM; Phe = phenylalanine, in %RM; Arg = arginine, in %RM; and energetic-nutritional traits: AMEn = apparent metabolizable energy corrected for nitrogen, in kcal/ kg; EE = ether extract, in %RM; CF = crude fiber, in %RM; AML = amylose, in %RM.
2 Kolmogorov Smirnov test values for the normality of the error distribution.
ns Nonsignificant (normal distribution).
3 Levene test values for the homogeneity of residual variances.
ns Nonsignificant (homogeneous variances). maturing genotypes and positively correlated in super-early maturing genotypes. Generally, in both early maturing and super-early maturing genotypes, the correlation between the agronomic traits EW and GY and energetic-nutritional traits was negative. However, CF was positively correlated with EW (r g = 0.594) and GY (r g = 0.594) in early maturing genotypes. In super-early maturing genotypes, there was no correlation between EW and CF (r g = 0.008), and between GY and CF (r g = 0.053) ( Table 2 ). These genotype correlation estimates can be used to verify relationships between agronomic and nutritional traits (protein and energetic) and facilitate improvements in given traits using indirect selection.
The results indicate that GY was negatively correlated with protein-nutritional traits in both early maturing and super-early maturing genotypes. Other studies on maize crops have also reported a negative correlation between GY and CP (Idikut et al., 2009; Aliu et al., 2012; Mahesh et al., 2013; Bekele and Rao, 2014) , and between GY and grain amino acid composition (Lovatto et al., 2006) ; this shows that it is not possible to select plants with high grain yield and concomitant high protein quality.
In early maturing genotypes, the correlations between MF and EE, and between FF and EE were positive, with respective values of r g = 0.241 and r g = 0.342. For super-early maturing genotypes, the correlation of MF and FF with EE was also positive and of higher magnitude compared to the early maturing genotypes, with respective values of r g = 0.683 and r g = 0.725. A low-magnitude positive correlation between these traits was also reported by Wali et al. (2006) and Chukwu et al. (2015) . The correlations between GY and EE were r g = -0.207 and r g = -0.442, respectively, for early maturing and super-early maturing genotypes. Studies conducted by Fabijanac et al. (2006) and Saleem et al. (2008) also reported negative correlations between these traits in maize; this leads us to infer that higher values of MF and FF result in higher EE, and higher GY results in lower EE in both early maturing and superearly maturing genotypes. Ridge path analysis with constant k = 0.00 showed the presence of multicollinearity. Respective VIF values were 0.000 ≤ VIF ≤ 111.483 and 0.068 ≤ VIF ≤ 110.278 for both early maturing and super-early maturing genotypes (Tables 3 and 4) . Table 3 . Estimates of genotypic correlation coefficients and respective estimates of the direct and indirect effect of the explanatory variables based on ridge path analysis performed using values of k = 0.00 and path analysis, determination coefficient, and effect of the residual variable for the 36 early maturing maize genotypes.
1 VIF = variance inflation factor. Number of days from sowing until male flowering (MF), number of days from sowing until female flowering (FF), plant height (PH), ear insertion height (EH), ear weight (EW), and grain yield (GY) on the main variables: crude protein (CP), lysine (Lys), methionine (Met), cysteine (Cys), threonine (Thr), tryptophan (Trp), valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), and arginine (Arg), apparent metabolizable energy corrected for nitrogen (AMEn), ether extract (EE), crude fiber (CF), and amylose (AML). VIF ≥ 10 confirms the presence of multicollinearity in the explanatory variable correlation matrix (Hair et al., 2009) . Ridge path analysis (k = 0.00) overestimated the path coefficient values (direct and indirect effects), with wide variability and, therefore, it was not possible to make appropriate inferences in early maturing and super-early maturing genotypes. Studies based on ridge path analysis (k = 0.00) in maize crops by Carvalho et al. (2001) and El-Taweel et al. (2012) , and in soybean by Bizeti et al. (2004) also reported that ridge path analysis correlations were violated.
To get around this problem of multicollinearity in the correlation matrix, a constant, k = 0.10, was added on the diagonal of the X'X matrix, resulting in VIF values below ten in the correlation matrices for early maturing genotypes (VIF ≤ 6.415) and for super-early maturing genotypes (VIF ≤ 6.556), indicating the absence of multicollinearity (Tables 5 and 6 ).
Introducing k = 0.10 overcomes correlation matrix multicollinearity problems so that biological inferences can be made for both early maturing and super-early maturing genotypes. Tables 5 and 6 indicate the direct and indirect effects, via agronomic traits, on proteinnutritional and energetic-nutritional traits for a k-value of k = 0.10. Based on the genotype correlation coefficient matrix, for early maturing genotypes, the FF trait showed a negative linear correlation (r g = -0.834) and a direct negative effect (direct effect = -0.821) on CF. PH showed a negative linear correlation (r g = -0.527) and a direct negative effect (direct effect = -0.536) on AML. The EH trait showed a positive linear correlation and a positive direct effect on CP (direct effect = 0.635) and AMEn (direct effect = 0.565). GY showed a negative linear correlation (-0.783 ≤ r g ≤ -0.575) with the protein-nutritional traits Lys, Cys, Thr, Trp, Val, Ile, Table 5 . Estimates of genotypic correlation coefficients and respective estimates of the direct and indirect effect of the explanatory variables based on ridge path analysis performed using values of k = 0.10 and path analysis, determination coefficient and effect of the residual variable for the 36 early maturing maize genotypes.
1 VIF = variance inflation factor. Number of days from sowing until male flowering (MF), number of days from sowing until female flowering (FF), plant height (PH), ear insertion height (EH), ear weight (EW), and grain yield (GY) on the main variables: crude protein (CP), lysine (Lys), methionine (Met), cysteine (Cys), threonine (Thr), tryptophan (Trp), valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), and arginine (Arg), apparent metabolizable energy corrected for nitrogen (AMEn), ether extract (EE), crude fiber (CF), and amylose (AML). 185 -0.619 -0.354 -0.575 -0.783 -0.710 -0.607 -0.677 -0.612 -0.635 -0.648 -0.324 -0.207 Leu, Phe, and Arg, and a direct negative effect (-0.619 ≤ direct effect ≤ -0.501) with the same sign and similar magnitude, confirming the cause and effect relationship between GY and Lys, Cys, Thr, Trp, Val, Ile, Leu, Phe, and Arg. The direct effects of MF, FF, and EW on Lys, Cys, Thr, Trp, Val, Ile, Leu, Phe, and Arg were negligible and, therefore, the existing association is explained by greater indirect effects via GY (Table 5 ).
In super-early maturing genotypes, MF showed a positive linear correlation (r g = 0.581) and positive direct effect (direct effect = 0.491) on Trp. FF showed a positive linear correlation (r g = 0.725) and a positive direct effect (direct effect = 0.493) on EE. PH showed a positive linear correlation (r g = 0.335) and a positive direct effect (direct effect = 0.448) on CF. EH showed a positive linear correlation and positive direct effects on AMEn (direct effect = 0.656), on EE (direct effect = 0.453), and on AML (direct effect = 0.576). The greatest direct negative effects were observed for the EW trait, with a negative linear correlation (-0.878 ≤ r g ≤ -0.841) on Trp, Val, Ile, Leu, and Phe (-0.509 ≤ direct effect ≤ -0.399). GY showed a negative linear correlation (r g = -0.722) and a direct negative effect (direct effect = -0.399) on Lys (Table 6 ).
1 VIF = variance inflation factor. Number of days from sowing until male flowering (MF), number of days from sowing until female flowering (FF), plant height (PH), ear insertion height (EH), ear weight (EW), and grain yield (GY) on the main variables: crude protein (CP), lysine (Lys), methionine (Met), cysteine (Cys), threonine (Thr), tryptophan (Trp), valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), and arginine (Arg), apparent metabolizable energy corrected for nitrogen (AMEn), ether extract (EE), crude fiber (CF), and amylose (AML). The MF, FF, and PH traits showed the greatest indirect effects via EH on AMEn and AML. MF showed an indirect effect via FF on EE (indirect effect = 0.444). EH showed an indirect effect via MF on Trp (indirect effect = 0.419). EW showed an indirect effect via GY on Lys (indirect effect = -0.396). GY showed an indirect negative effect via EW on Trp, Val, Ile, Leu, and Phe (-0.505 ≤ indirect effect ≤ -0.395) and positive indirect effect on AMEn (indirect effect = 0.495) ( Table 6 ).
There was a difference between early maturing genotypes and super-early maturing genotypes in the linear relationships and the magnitudes of the estimates of direct and indirect effects of explanatory variables on principal variables. In early maturing genotypes, FF, PH, EH, and GY can be used in indirect selection, and in super-early maturing genotypes, this is true for MF, FF, PH, EH, EW, and GY. Therefore, breeders can consider indirect selection in early maturing genotypes based on higher EH and lower FF, PH, and GY, since these traits contribute to increasing levels of CP, Lys, Cys, Thr, Trp, Val, Ile, Leu, Phe, Arg, AMEn, CF, and AML in maize grains. In super-early maturing genotypes, selection should be based on higher MF, FF, PH, and EH, and lower EW and GY, since these traits indicate increased levels of Lys, Trp, Val, Ile, Leu, Phe, AMEn, EE, CF, and AML.
CONCLUSIONS
The number of days from sowing to male flowering, the number of days from sowing to female flowering, plant height, ear insertion height, ear weight, and grain yield can be used in indirect selection as indicators of grain nutritional quality.
